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This .eport is cne of a series of related papers covering various aspects
of a broad program to investigate the flow-field variahles associated
with hypersonic-velocity projectiles in frae flight under controlled
environmental conditions. The experimental resenrch is being conduc “ed
in the Flight Physics Range of GM Defense Research Laboratories,
General Motors Corporation, and is supported by the Advanced Research
Projects Agency under Contract No. DA-01-021-AMC-11359(Z). It

is intended that this series of reports, when completed, will provide

a background of knowledge of the phenomena involved in the basic study
and thus aid in a better understanding of the data obtained in the
investigation.
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ABSTRACT

Approximate values have been calculated for the fre2-energy and enthalpy
functions and the entropy and constant-pressure heat capacity for the ions
cN' (g) and CN™ (g). A review of the available experimental data is presented
with a recommendation for the values of the heats of formation of these same

jons.

it

Ll




GHE PIFENGSE RESEABRCH LABGCREATORIES @ sZuEEAL MOTOERS CORBEORATION

Section

11

v

Table No.
1

-

I
in

TABLE OF CONTENTS

Foreword
Abstract
Introduction
The CN’ () Ion
The CN™ (g) lon
Conclusions

References

TABLES

1
Constants for the Thres L Siates of

CN*(g)
Thermodynamic Functions for CN" (g)

Thermcdynamic Functions for CN™ (g)

TRE5-01N

Page No.
i

fii

12

iv

i
|
D [




Ao stoneest

€M DEFENSE RESEARCH LABORATORIES @ SEMNEZZAL MOTORS CORPORATICN

TR65-01N

1. INTRODUCTION

One common feature of most ablative materials which are uged for
thermal protection of reentry vehicles is that they contain the element
carbon in some form.(1 -4) When these materials ablate they interact
chemically with hot air and the resulting chemistry has marked effects
upon the observables of the flow fields. Particularly, ionization of some
of the products and/or chemionization during some of the reactions

produce eiectrons which affect the radar observables.

To better understand the chemistry of the mixtures of hot air and
ablation materials, it is of interest to make calculations of the possible
resulting compositions. These calculations require a knowledge of the
thermodynamic functions of the various species whick may contribute
to the overall composition, and in some instances there is a lack of
the necessary thermodynamic functions. Such ie the case for the two
ionic species CN'and CN™. This report presents some approximate
thermodynamic functions for these ions as well as an explanation of

how these functions we>e obtained.

The two lonic species, CN' and CN” , are normally considered
to arise from the fonization of CN or from an electron attachment to
CN, It has been shown in equilibrium calculations of the compositions

,6) that the concentrations of CN can become

of carbon-air systems
comparable to and/or greater than the concentrations of other ionized
species under certain conditions; thereicre, contributions to the electrical

properties of the mixture may be made by the ionic species CN' and CN”,

i
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Furthermore, the fact that CN molecules are present in the atmoapherse
of ablating mode!s has been establizhed by the spectroscepic obssr-
(7,8, 9)

i - iRy ¥ ) Aoy | ol ] 4% . o~y B o d
vations of the emission of axcited CN molecules in the flow [ields

of models flown in a free-fligi:i range.

Still 2 other point of interest concerning these speciss results from
sone experimental observations made by Utterback(lo) with a molecular
beam apparatus. He finds evidence for the reaction ¥y + CO ~. 2N + not
when he bombards the CO with nautral nitrogen. He also finds that un
endothermicity of about 12 ev for this reaction fits his data, which is in
agresment with the theoretical expectatiors.

In a system of hot air and ablation material containing carbon, two
of the most prevalent species are N2 and CO,(s) and if it is considered
that the CN icn would not be very stable at very high temperatures
(i.e., CN™ — TN + 2) this series of reactions offers possibilities as
a source of electrons.

STRTR————
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1. THECN ig) 10N

Experimental spectroscopic data for the CN" ion has been reporied
by Douglas andRoutley.‘:n' 12} These workers observed iwo emission
band systeme of CN' which they analyzed as 1% - 1T transitions.
They aizo observed four bands 25 yet unidentified. From their analysis
they present the constants shown below in Tablie I, and have tentatively

assigned tie a 1y atate as the ground stace.

Table I
(from Reference 12)
CONSTANTS OF THE THREE ' STATES IN CN* (g)

T w w X Bo Dg Be Qe Te
€1 heo M P N P 1 5
State | (em "7 ) | (em™) llem Y (emd) | {em-1) fem™) | (em-1) |{10-Bcm)
! o 2033.05 [16.14 | 1.8871 | 7.0x10°° | 1.8964 | 0.0i86 | 1. 1727
| 3 | n 1.402 | 3x10™® | 1463 |o0.002 | 138
I | 45,533.6| 26%0.5 [46.9 | 1.8870 | 4.7x107% | 1.003 o032 | L1711

An estimation can be made of the temperature at which the first excited
electronic state will contribute appreciably to the thermodynamic functions.
Using the rough rule that if auy level, E/k , is greater than 5T then its
contribution can be neglected, it can be seen that the firat excited ‘evel wi¥
not contribute appreciably below about 9, 000°K . (E = vhe where v is in

em™! | b = Pianck constant, ¢ = velocity of light, k = Boltzman constant,
and T =% .}

* The spectroecopic symbolism used here and subsequently is consistert
with that given in Reference 25.
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The free eneryy function, -(FO - Hg }/T , enthaipy function, (Iie - Hg VT,
entropy, SO, and heat panacity at coansant pressure, C ) for CN' over the
temperature range from 208% to Uy 000°% are given in éable ii. These thermo-
dynamic functions have been ~aiculated from the usual statistical thermodyiascic
(13) {
rotational partition function taking the classical value. The speciroscopic
constants used were B_ = 1.8871 em™! and w = 2016.91 cm™! a8 obtained

expressions or a rigid-rotator, harmonic-oscillator molecule with the

from Table I. The ground =lectronic gtate is a singlet. The molecular weight
is taken as 26.019, the symmetry number, ¢, isegqualto 1, R = 1.98717
cal/mole Ok , and the values for the other fundamental constanis were taken

4
from those recently adopted hy the National Bereaa of Standards.(l !
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(o3 (o] (s) O o
T -(F -Ho)/T (H -HO)/T 5 CF

(°K) {cal/deg-mole)

298.1¢% 40,072 6. 956 ] 47.028 6.56¢
300 40,115 6,956 47.071 6.967
400 42,117 6.965 49. 082 7.029
£00 44,952 7.032 51,983 7.330
800 46.990 7.152 54,142 7. 689
1000 48, 601 7.290 55. 891 7,985
1200 49,942 7,425 57. 367 8,203
1400 51.096 7. 548 58. 644 8. 362
1600 52.111 7.657 59, 768 8,477
1840 53,019 7.753 60, 772 8.563
2000 53. 340 7.838 61.678 8.628
2200 54,59} 7.9i2 62,502 8.678
2400 55, 282 7.977 63, 259 8.718
2609 55.923 8.035 63.958 8. 749
22075 56,520 8.057 64,697 8,775
3000 57.08¢ 8.134 65,214 8.795
3200 57.606 8.176 65. 782 8.812
3400 £5.103 8.213 66,316 8.627
3600 58.573 8.248 66,821 8.839
3800 5%.020 8.279 67.299 8.84%
4000 59, 440 8. 308 67.753 8.858
4260 59,852 B. 334 68.186 B.86¢
4406 60, 240 8. 358 68, 598 8.873
4600 €0, 612 8. 381 68,993 8.879
4500 60.969 8.402 69. 371 8.884
5000 61.312 8.421 42, 733 8.888
5200 61. 643 8.439 70. 082 B, 892
5400 61,962 8.456 70. 418 8.89%8
5600 62,270 8.472 70. 741 8.89%
5800 62.567 8. 486 71. 054 5.902
€000 62. 855 8.500 71. 355 8.905

L]
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The other thermodynamic quantity wvhich is necessary in equilibrium
calcrlations is the standard heat of fcrmation, .aHg . For the ON' ion

this would be equal to the sum of the heat of formation of CN and the
ionization potentizl of CON.

The heat of formation of CN is controversinl; however, a rather

extensiv. aiscussion of the various values and experiments is psesented

in the JANA¥ Tables (15) and this eva™ation which appears very reason-

able, is that Aﬂg for CN is 108. 215 kcal/mole or 4. 869 ev. This is
the value which will be uses? he re.

£ number of different values have been reported for the ~nization
energy of CN, Berkowitz(le) reports the only direct measurement of
the ionizatior of CN radicals by electron impact as 14,2 £ 0. 3 ev;
yet in some experiments at high intensity he saw a "tail" down to lower
voltages which he attributes to contamination by C2H2 +. I this same
paper the appearance potentia) of CN' fror C2N2 was given as
20.4+0.3 ev, where the CN' was considered to have excess kinetic
energy of 8. 57 ev. The recommended value of D (NC-CNj in this paper
is 6.2 ev (which corresponds to the JANAF value). Combining these
latter valics one obtains:

AP (CN") = D (NC-CN) +1 (CN) + . 57 ev

ar

I(CN)=20.4-6.2-.6=13.6ev

So within this paper there are two values jor the ionization energy
of CIM,

{3 2ENEzszL moToms CORPOZAYION

T




GM DEFENSE RESZARCH LASONRATOEITS D GENIRAL BOYORE CORPORAYTION

TR85-0IN

iizrron and leeler(w) present studies of electron impact measurements
on cyanogen halides. They interpreted their data in terms similar to Stevenson(m)
where the CN fragments were considered to be in an excited s.ate. Knlght
and Ih.m(i

to lead to the acvepted JANAF value for the heat of formatior of CN.,

9 discuss how these data can be reinterpreted in such a manner as

Tne appearance-potential measurenients made by Herron and Dibeler(”)
can be combined by a method of taking differences (which should cancel any
systematic errors in the absolute determinations ¢f their values) such that
the ionization potential of CN is given. Those authors made the following

meagurements:

(1) cNCl—cr+Cl'+6 (AP), = 1T.8 ev
(2} CNCl—CN' +Cl+é (AP), = 18.3 ev
3) CNBr—CN+Br' +& (AP}, = 16.2 ev
(4) CNBr—CN'+Br+é (AP), = 18.3 ev
(5) CNI—CN+I +& (AP); = 14.3 ev
) CNI—CN +1+8 (AP)g = 18.1 ev

The energies are such that process (2) minus process (1) gives:

gt - f + -
Aﬂf (CN’) - AHf(CM : -\Al:‘)2 - (AP)1 + AHf(Cl ) .AHf (cy)

I1(CN—CN") = (AP), - (AP), +1 (01— c1h)

I(CN)=18.2-17.9+ 13.01 = 13. 41 ev

A
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Similar* (5 arnd (4) ang “€) and (6) may be -oupled to give I(CN) =

13,84 e 5ud 14, 24 ev, respectiveiy.

Employing a similar approacn of taki

ng differences of the appearance

potentials for the reactions studied by Stevenson (18) (neglecting the idsa of

the CN being ip an excited electronic leve
potentials for CN. The reactions and app
paper are:

(M HCN— oN*+H+6

@ ClcN—cN+ct+a

¥  (CN)y — cN+oNt 4 5

From processes (7) and /2) we g 2t:

(AP)y - (AP)g =AH (CN") -AH, (CN) + AH_ (H) -

or I(CN—CNY=1,55 ey - OH (H)+A H,

where AHf (H) = 2,24 v
AH(HCN) = 1.35 ey
AH(C) = 14,3 ey
AH(CICN) = 1. 37 ny
AH,(CN), = 3,18 ev
Therefore,

I(CH—CN") =13,6 ey

1) his data yields lonization
earance potentials given in this

(AP').7 = 19,36 ev
(AP)8 = 17.81 ev
(.M’)9 = 20.31 ev

(HCN) +A H, (=1h - AH (CICN)

(from Reference 20)
(from Reference 21)
(trom Reference 22)
irom Reference 23)

(from Reference 15)

AH(HCN) - ;5 o1t +&H, (CICN)

e e saaga o o e etosssenen e
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Similarly, from processes (8) and (9},

(AP)g - 2(AP), = AH, (ent - AH,(CN) - 24H, (i) + 24H,(CICN) - 8H, (CN),

or 1(CN—CN") =-15.31 + 28.6 ~ 2.74 + 3. 18
1{CN-~CN") =13.7T ev

Also, if one uses the data of the paper of Kandel (24) coupled with the
JANAF value for the dissociation of CZN2 , oite gets:

I(CN—CN) =13.9ev

To summarize these results we see that they give ionization potential
valucs of 14.2, 13.6, 13.4, 13.9, 14.2, 13.0, 13.7, and 13.9 ev. Since all
of these were determined by electron impact methods, and in this method
the results may include kinetic energies of the particles, it is considered
best to use the lower values. Therefore, the value of 13. 4 ev will be used
here as a valu: consistent with the choice of the heats formation of CN and
02N2 as recommended in the JANAF compilation. Therefore, the heat of
formation of CN' becomes:

AH, (CN™) = 18.1 ev = 417,000 cal/mole.

NSO o . PR s mene > s
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I, THECN (g) 1ON

The slectronic configur:.tion of the ground state of the CN radicsl can

orrieptsepprres goyoy

be written in melecular orbital terminology as:
eN (xx (z0)? (5)? (w)? &x a)l)

and this is confirmed by the spectroscopic observation that the ground state
is 2E+ \Jee Reference 25). Since the CN ion is forried by the addition
of an electron, it is reasonabie to assume that its electronic configuration
should be given agz:

CN (KK (z(':)2 (ys)2 (W&')4 (x 0)2)

and would therefore havea 1 ot ground state. Because this added electron
is going into a bonding orbital the CN™ ion should he relatively stable, and
indeed observations of its existence have been made using mass spectru-

meters. (26-29)

Although the additional bonding orbital confirma some stability on the
lon and it might be expected to thereby have an interatomic distance ghortened
over that of the CN radical, tie overall negative charge on the ion would
have the tendency to lengthen the bond due to mutual repulsion of the orbiting
electronz. It ’- therefore reagonable, as a yirst approximation, to assume
that these two effects cancel cne another so that the CN~ jon would have t
about the same internuclear distance as the CN radical; consequently, the
assumption that the ion has the same rolational constant and vibrational
frequency as the CN radical is g gocd approximation,

S8ince CN™ 1s isoelsatronic with the Nz and CO molecules the first
excited ginglet electronic state wouid be expected to lie about 8 ev above the
ground state. This energy is greater than the anticipated electron affinity (EA)
of the CN radical sothese excited electronic states are not expected to con-
-ribute to the thermsdynamic functions of ths CN”™ ic,

10
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By foiiowing the same caiculational procedures discussed abuve for the
cN' ion, the thermodynamic functions have been calculated ard are given in
Table . The spectroscopic constants which have been used were deduced
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from the tabulated data by Herzberg(zs) for the CN radical and are:

“’he above cited universal constants were used and the molecular weight
was taken to be 26, 000, in agreement with the Herzberg data.

THERMODYNAMIC FUNCTIONS FOR CN™ (g)

B, =1.8909 o=1
w, =2085.57 g=1

Table I

T -(Fo-Hz)/T (HO-H:)/T s° Cp

(OK) (cal/deg-mols)

298.15 | 40.066 6.956 47.022 6.965
300 40. 109 6.956 47.065 6. 965
400 42,111 6.964 49.075 7.022
600 44, 944 7.026 51.970 7.310
800 46. 980 7.142 54,122 7.664
1000 48.588 7.277 55.865 7.960
1200 19,927 7.410 57.337 8.182
1400 5i.079 7.533 58. 611 8,344
1600 52.092 7.642 59, 733 8. 462
1800 £2.998 7.738 60.735 8.550
2000 53,817 7.823 61. 640 8.617
2200 54,566 7.897 62. 464 8. 469
2400 55, 25¢ 7.963 63. 220 8.710
2600 55,896 3.022 63.918 8. 742
2800 56.493 8.074 64,567 8. 768
3000 57.051 8.121 65.17%2 3. 790
3200 57.577 8.163 65. 740 8. 808
3400 58,073 8.202 66,275 2.823
3600 58,543 8.237 66.779 8.835
3800 58.989 8. 268 67.257 8. 846
4000 59, 414 8.297 67. 711 8. 855
4200 59.819 8. 324 68.143 8.863
4400 60. 207 8. 349 68.556 8.870
4600 40,579 8. 371 68.95¢ 8.876
4800 0. 935 8. 393 69.328 8.882
5000 61.278 e.412 69. 631 8. 886
5200 61. 609 8.430 70.039 8.891
5400 61.927 8.448 70.375 8. 894
5600 62.235 8.463 70. 698 8.898
5800 62.532 8.478 71.010 8. 901
6000 62.820 8.493 71,312 8.904

I 2 T e e A I 2t
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In order .. =-+ive at a heat of formation, AHg , for the CN™ ion
and to preserve a consistency among the data for CN , CN" , and CN~

?

it 18 necessary to examine the reported experinental data. |

The heat of formatior of the CN~ ion is equal to the sum of the heat ‘
of formation of CN plus the electron afiinity, EA (CN) , of the CN radical,

The heat of formation of CN is taken to be that of the JANAF Tables,
equal to 108, 215 kcal/mole or 4, 69 ev, and this is consistent with the heat
of formation for CzN2 , as reported by JANAF, of 73. 428 kcal/mole or
3. 18 ev. These two values therefore lead to a dissociation energy of CZNZ
into two CN's of 143. 0 kcal/inole or 6.2 ev. These quantities are given
here as they are needead in the reduction of the reported data for the electron
affinity of CN,

A recent determination of the electron affinity of CN has been made
by Herron and Dibeler fze}however, their final reported value is based upon
the absolute values cf their appearance-putential measurements combined
with a heat of fermation for the CN radical of 89 kcal/mole or 3. 88 ev.
In order to keep consistency in the thermal values for the various CN
species, these results should be corrected.

The authors zbove made their measurements for the following
processes of electron impacts:

(1) CNCl—CN +C1t 13.8 ev
(2) CNCi->CN+C1' 1.9 ev
(3) CNBr—=CN +Brt 1.9 ev
{4) CNBr—CN +Br" 16.2 ev
(5) CNI->CN+1' 9.8 ev
(6) CNI—CN+I" ‘4.3 ev

12




AP (CN') = AP (X*) = AH.(CN') + A H, (x*h - AH, (CNx)

which gives

AH (CN") = AP(CN") - AH, (X" + AH (CNX)

and then they combined the average value of AHf {CND) obtained from the
three processes (1), {3), and (5) with the heat of formation of CN to get the
electron affinity of CN., Making use of this Same scheme, but this time
utilizing the more acceptable value of 4, 69 ey for the heat of formation nf
CN gives:

EA(CN) = -4,04 ev.

These authors also took difference values for the pairs of processes
(1) and (2), (3) and (4), and (5) and {6), which are seen to give the electron
affinity of CN direct: ; however, they assumed the CN produced in the
process to be in the firgt electronically excited state, i, ¢, Azu state,
and thereby cerrected their resuilts.

If these pairs of processes are used and it ig assumed that the CN ig
in the ground state, the results become:

Processes (1) ana (2) give EA (CN) = -4.3 ey
Processes (3} and (4) zive EA (CN) = -4.3 ev

Processes (5) and (6) give EA (CN) = -4.5 &v

13
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Previously tc the above work, Pritchard €30)px-ez‘sented an excellent
ariicle reviewing electron aifinities. A new evaluacion of als presentation
for the CN™ ionir terms of the heat of fornation for CN of 4,88 ev must
now be made.

If the data used by Sherman @y to cbtain the electron affinity for CN~
from lattice energy calculations for NaCN and KCN are combined with the
heat of digssociation for CZNZ of 6.2 ev (the value consistent with JANAF)
rather than the value originally used by him, which was D(CZNz) = 3. 80 ev,
the data yield

from NaCN EA(CN) = -4.4 ov
from KCN EA(CN) = -4. 3 ev.

Lederle's (32) crude spectroscopic extrapolation estimate for EA {CN)

gave -4.0 ev and was not dependent upon the heats of formation of CN or
CzN2 80 need no correction,

N
Frank's \* ) correction to Enipping's (34) electron impact data gives

the heat of formation of CN” to be . 22 ev, which results in an EA (CN) =
-4.5 ev.

Yatsimirskij 3% obtained a heat of formstion for CN~ of . 71 ev
according to Pritchard and thig would then give EA(CN) = -4,6 ev,

Pritchard then concludes that a fair analysis of the data gives for the
heat of formation of CN” a value of . 43 ev + .22 2v. Combining this with th.
JANAF heat of formation for CN of 4.69 ev resuits in g hew recommanded
value of EA(CN) = -4, 3 ev.

It is therefore seen that using the consistent sets of heats of formation
as recommended in the JANATF tables requires a value for the electron affinity

14
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of CN of about -4, § av or a lttle less. Thisg value fits nicely with most of the
reported data ~nd wil therefore be the value used here,

Combination of this electron affinity of -4, 8 ay with the heat of formsation
of 4.89 av for CN results in the following value for the heat of formation
for CN™

Aﬂg (CN") = .39 ev o, 8,000 cal/moje,

15
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iV, CONCLUSIONS

Values for the free-energy and enthalpy functions, the entropy, and
constant-pressure heat capacity “ave beer computed for the CN" and CN~
ions.

Recommended values for the heats of formation for the CN' and CN~
ions of 417, 000 cal/mole and 9, 000 cal/mole, respectively, have been obtained
from reported experimental work. These values are consistent with the heats
of formation for CN and CzN2 recommended by the JANAF Thermochemical
Panel.

16
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